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Abstract

In this paper, we study Adam in non-convex smooth scenarios with potential
unbounded gradients and affine variance noise. We consider a general noise model
which governs affine variance noise, bounded noise, and sub-Gaussian noise. We
show that Adam with a specific hyper-parameter setup can find a stationary point
with a O(poly(log T) /+/T) rate in high probability under this general noise model
where T' denotes total number iterations, matching the lower rate of stochastic
first-order algorithms up to logarithm factors. We also provide a probabilistic
convergence result for Adam under a generalized smooth condition which allows
unbounded smoothness parameters and has been illustrated empirically to capture
the smooth property of many practical objective functions more accurately.

1 Introduction

Since its introduction by [33]], the Stochastic Gradient Descent (SGD): ;11 = a; —1:g; has achieved
significant success in solving the unconstrained stochastic optimization problems:

min f(z), where f(x)=Ee[fe(, &), M
xr

where £ is a random variable, g, is the stochastic gradients and 7 is the step-size. From then on,
numerous literature focused on the convergence behavior of SGD in various scenarios. Several studies
focused on the non-convex smooth scenario where the stochastic gradient g(x) is unbiased with
affine variance noise, i.e., for some constants 0,01, > 0 and all ¢ € R4,

Ellg(x) — VF()[*] < of + ot |V F(2)]*. @

Under the noise assumption (2)), [3]] provided an almost-sure convergence bound for SGD. [4]] proved
that SGD could reach a stationary point with a O(1/+/T)) rate when step-sizes are tuned by problem-
parameters such as the smooth parameter L. The theoretical result also revealed that the analysis of
SGD under (@) is not essentially different from the bounded noise case [17].

In the popular field of deep learning, a range of variants based on SGD, known as adaptive gradient
methods have emerged. These methods employ the past gradients to adaptively tune their step-
sizes and are preferred to SGD for minimizing various objective functions due to their efficiency.
Among these methods, Adam [22] has been one of the most effective methods empirically. Generally
speaking, Adam absorbs some key ideas from previous adaptive methods such as AdaGrad [12}36]
and RMSProp [37] while adding more unique structures. It combines the exponential moving average
mechanism from RMSProp and meanwhile adds the heavy-ball style momentum [29] and two unique

*The corresponding author is Junhong Lin.
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Table 1: Comparison for existing Adam analyses with ours.

FCT Grad. Noise Smooth B1, B2 € Conv. Rate  Conv. Type
48] X Bounded Bounded L 1—fy < cé? poly (%) T+ 02 E
v} X Bounded Bounded L Bii <P, Ba=1-% - ﬁ E
1571 X Bounded - L Br=1-% poly(log 1) ﬁ E
[34] X - Finite Sum Affine L T (B, B2) — Ot - - E
[10] X Bounded Bounded L b1 < Po,fa=1— % poly(log %) % E
[18] X Bounded Affine L Pr=1-+% ‘ poly (%) % E
152] X Finite Sum Affine L Bi < /B2, =1— £ * E
41 X Finite Sum Affine (Lo, Ly) B < VB2 - - E
241 v Sub-Gaussian (Lo, L1) fr=1-— ﬁ ﬁ % w.h.p.
39] X Coordinate-wise Affine L B1="byB2, B2 =1—% poly(log %) ﬁ E
191 v Coordinate-wise Affine L B1< B2, fa=1—% poly(log 1) % w.h.p.
Thm.]3.1| v Affine L B1<B2,fa=1-% poly(log 1) # w.h.p.
Thm.@.1| v Affine (Lo, L1) 1< B2, Be=1—% poly(log 1) ﬁ w.h.p.
! [34) requires T'(B1, B2) = O (% ( 11:;,% + 1)) — 0, which seems could only achieve when 81 = 0.
2 1

2 Though not explicitly stated, the results in (Zhang et al., 2022) could imply convergence to the stationary point when with some calculations.
3 “BCT" refers to “full corrective terms". The “Conv. rate" column presents the convergence rate omitting logarithm factors.

corrective terms. This unique structure leads to a huge success for Adam in practical applications but
at the same time brings more challenges to the theoretical analysis.

Considering the significance of affine variance noise and Adam in both theoretical and empirical
fields, it’s natural to question whether Adam can find a stationary point at a rate comparable to
SGD under the same smooth condition and @) Earlier researches [14] 40, 2]] have shown that
AdaGrad-Norm, a scalar version of AdaGrad, can find a stationary point at the same rate as SGD,
not tuning step-sizes based on problem-parameters. Moreover, they addressed an essential challenge
brought by the correlation of adaptive step-sizes and noise from (2)) which does not appear in SGD’s
cases. However, since AdaGrad-Norm applies a cumulative step-sizes mechanism which is rather
different from the exponential moving average step-sizes in Adam, the analysis for AdaGrad-Norm
could not be trivially extended to Adam. Furthermore, the coordinate-wise step-size architecture of
Adam, rather than the unified step-size for all coordinates in AdaGrad-Norm, brings more challenge
when considering (2). In affine variance noise landscape, existing literature could only ensure the
Adam’s convergence with random-reshuffling scheme under certain parameter restrictions [52, 41]],
or deduce the convergence at the expense of requiring bounded gradient assumption and using
problem-parameters to tune the step-sizes [[18], both of which ignored the corrective terms. Some
other works proved convergence to a stationary point by altering the original Adam algorithm such as
removing certain corrective terms and modifying (2)) to a stronger coordinate-wise variant [39] [19].

To the best of our knowledge, existing research has not yet fully confirmed the convergence of Adam
under affine variance noise. To address this gap, we conduct an in-depth analysis and prove that
Adam with the right parameter can find a stationary point in high probability. We assume a milder
noise model (detailed in Assumption (A3)), covering almost surely affine variance noise, the bounded

noise, and sub-Gaussian noise. We show that the convergence rate can reach at O (poly(log T)/ VT )

matching the lower rate in [1]] up to logarithm factors. Our proof employs the descent lemma over
the introduced proxy iterative sequence and adopts techniques related to the new proxy step-sizes
and error decomposition. Based on this, we are able to handle the correlation between stochastic
gradients and adaptive step-sizes and transform the first-order term from the descent lemma into the
gradient norm.

Finally, we apply the analysis to the (Lo, L,)-smooth condition [51]]. Several researchers have found
empirical evidence of objective functions satisfying (Lo, L4)-smoothness but out of L-smoothness
range, especially in large-scale language models [49, [38] [1 1} [8]]. Theoretical analysis of adaptive
methods under this relaxed condition is more complicated and needs further nontrivial proof tech-
niques. Also, prior knowledge of problem-parameters to tune step-sizes is needed, as indicated by the
counter-examples from [40] for the AdaGrad. Existing works [13|140]] obtained a convergence bound
for AdaGrad-Norm with (2)), and [24]] considered Adam with sub-Gaussian noise. In this paper, we
provide a probabilistic convergence result for Adam with the affine variance noise and the generalized
smoothness condition.



Algorithm 1 Adam
Input: Horizon T, 1 € R4, By, s € [0,1), mg =vg =0g4,7m,¢>0,e=¢€ly
fors=1,---,T do
Draw a new sample z, and generate g; = g(s, 2);
ms = ﬁlmsfl + (1 - ﬁl)gs;
Vs = Povs_1 + (1 — B2)g2s
ns =ny/1—=B5/(1=B7), €s = €\/1 = f5;

Lsy1 = Ls — Ns ms/ (\/’Uis'i_ 65);
end for

We also refer readers to see the main contributions of our works and comparisons with the existing
works in Table[1l

Notations We use [7T'] to denote the set {1,2,--- , T} for any positive integer T, || ||, || - |1 and || - || so
to denote lo-norm, {1-norm and [,-norm respectively. a ~ O(b) and a < O(b) denote a = C1b and
a < Oyb for some positive universal constants Cy, Cy, and a < O(b) denotes a < O(b)poly(logb).
a < b denotes a < O(b). For any vector € R?, 22 and \/ denote coordinate-wise square and
square root respectively. &; denotes the i-th coordinate of 2. For any two vectors x,y € RY, we use
« © y and x/y to denote the coordinate-wise product and quotient respectively. 04 and 1, represent
zero and one d-dimensional vectors respectively.

2 Problem set up and algorithm

We consider unconstrained stochastic optimization (T]) over R? with l5-norm. The objective function
f : RY = R is differentiable. Given & € R¢, we assume a gradient oracle that returns a random
vector g(x, z) € R? dependent by the random sample z. The true gradient of f at x is denoted by
Vf(z) € R

Assumptions We make the following assumptions throughout the paper.

* (A1) Bounded below: There exists f* > —oo such that f(x) > f*, V& € R%;

* (A2) Unbiased estimator: The gradient oracle provides an unbiased estimator of V f(x), i.e.,
E. [g(z, 2)] = Vf(z),Vx € R%;

* (A3) Generalized affine variance noise: The gradient oracle satisfies that there are some constants

lg(@.2) -V f(@)|? d

00,01 > 0,p€[0,4),E, [exp ( TV @7 )] <exp(l),Vex € R%

The first two assumptions are standard in the stochastic optimization. The third assumption provides
a mild noise model that covers the almost surely bounded noise and sub-Gaussian noise. Moreover,
it’s more general than almost surely affine variance noise as follows

lg(z,z) = Vf(@)|? < 0f + ofl|Vf()]?, a.s., ?3)

and enlarge the range of p to [0,4). Assumption (A3) with p = 2 and (3) are also utilized in [2]
to establish high probability results for AdaGrad-Norm. It represents a stronger condition than
the expected version of (2) that is commonly employed for deriving the expected convergence of
algorithms. However, almost surely assumption enables the derivation of stronger high-probability
convergence guarantees for algorithms, while still ensuring expected convergence.

The affine noise variance assumption is important for machine learning applications with feature
noise (including missing features) [[15, 21]], in robust linear regression [45], and generally whenever
the model parameters are multiplicatively perturbed by noise (e.g., a multilayer network, where noise
from a previous layer multiplies the parameters in subsequent layers). We refer interested readers to
see e.g., [31 145, 4] 14,140, 2] for more discussions about the affine variance noise.

Adam  For the stochastic optimization problem, we study Algorithm|I] which is an equivalent form
of Adam [22] with the two corrective terms for m  and v, included into 7 for notation simplicity.



The iterative relationship in Algorithm can be also written as for any s € [T,

_ o o . gs ) ns(\/vs—l +€s—1) _
Ty =y —15(1—b) 7m+€s+ﬁ1 Y O (x5 — xs5-1), 4)

where we let xyp = x1 and 9 = 7. plays a key role in the convergence analysis, showing that
Adam incorporates a heavy-ball style momentum and dynamically adjusts its momentum through
(1 and f35, along with adaptive step-sizes. This inspires us to learn from some classical analysis
methods for algorithms with momentum and provides some new estimations to fit in with the adaptive

property.
3 Convergence of Adam with smooth objective functions

In this section, we assume that the objective function f is L-smooth satisfying that for any x,y € R?,

IVf(y) = V@)l < Ly — ]| ©)
We then show that Adam has the following high probability results.

Theorem 3.1. Let T' > 1 and {x}sc[r) be the sequence generated by Algorithm If Assumptions
(Al)-(A3) hold, and the hyper-parameters satisfy that

0<B1<Ba<l, Bo=1-¢/T, n=Co\/1-p32 €=ceo\/1- P, (6)

for some constants ¢,Cy > 0 and ey > 0, then for any given 6 € (0,1/2), it holds that with
probability at least 1 — 29,

T
1 9 5 \/0% +0iGP + G2 ¢ T
— < -0 1= - _
7 2 NIVs@l _0{G< T +7 oz (5 ) ¢

where G? is defined by the following order with respect to T e, 5.

3 4 T

Theorem [3.1|provides the nearly optimal convergence rate O (poly(log T)/ \/T) to find a stationary

point when setting the parameter probably: f2 = 1 — O(1/T). It’s worth noting that the setting
requires 2 to be closed enough to 1 when 7' is sufficiently large, which roughly aligns with the
typical setting in [22} 57,10} 39].

For a more detailed comparison of our results to existing works, including assumptions, convergence
rate, and dependency, we refer readers to Table([T]

4 Convergence of Adam with generalized smooth objective functions

In this section, we study the convergence behavior of Adam in the generalized smooth case. We first
provide some necessary introduction to the generalized smooth condition.

4.1 Generalized smoothness

For a differentiable objective function f : R? — R, we consider the following (Lo, L,)-smoothness
condition: there exist constants ¢ € [0,2) and Lo, L, > 0, satisfying that for any x,y € R? with
e -yl <1/Lqg,

IVf(y) ~ Vi@ < (Lo + L[V i (@)]|) & y]. (8)

The generalized smooth condition was originally put forward by [51] for any twice differentiable
function f satisfying that

IV2f(@)|| < Lo + La|[V f (). ©

*Note that we hide the constants 31, 32 inside O. The detailed expression of G2 could be found in (52 from
Appendix.



It has been proved that a lot of objective functions in experimental areas satisfy (9) but out of
L-smoothness range, especially in training large language models, see e.g., Figure 1 in [51]] and [8].

To better understand the theoretical significance of the generalized smoothness, [49] provided an
alternative form in (8) with ¢ = 1, only requiring f to be differentiable. They showed that (§) is
sufficient to elucidate the convergence of gradient-clipping algorithms.

There are three key reasons for opting for (B)). Firstly, considering our access is limited to first-order
stochastic gradients, it’s logical to only assume that f is differentiable. Second, as pointed out by
Lemma A.2 in [49] and Proposition 1 in [[13]], (8) and (9) are equivalent up to constant factors when
f is twice differentiable considering ¢ = 1. Thus, (8) covers a broader range of functions than (9).
Finally, it’s easy to verify that (§) is strictly weaker than L-smoothness. A concrete example is that
the simple function f(x) = z*, = € R does not satisfy any global L-smoothness but (§). Moreover,
the expanded range of ¢ to [0, 2) is necessary as all univariate rational functions P(xz)/Q(x), where
P, Q) are polynomials and double exponential functions a(*") with a,b > 1 are (Lq, L,)-smooth with
1 < q < 2 (see [24, Proposition 3.4]). We refer interested readers to see [51} 49} 13| 24] for more
discussions of concrete examples of generalized smoothness.

4.2 Convergence result

We then provide the high probability convergence result of Adam with (Lo, L, )-smoothness condition
as follows.

Theorem 4.1. Let T > 1 and 6 € (0,1/2). Suppose that {x,}sc[r) is a sequence generated by
Algorithm [ is (Lo, Lq)-smooth satisfying ®), Assumptions (Al)-(A3) hold, and the parameters

satisfy
0<Bi<foa<l, fo=1-¢/T, e=en/1—P2 n=Co\/1-—pa,

Co Smin{Eo,% % BQ(l_ﬁl)L(zld— 51/52)}

(10)

where ¢, ey, Eo, Cy > 0 are constants, H is controlled by O (log (q%)) and H, H, L are defined
as

H:=Lo/L,+ (4Lqﬁ)q + (4L,17) L (4Lof1)% AL + (4L, H) +\/ALoH,

T Lo\*
H = \/2(0(2)+U%HP+H2)10g <65>, L:=Lo+ L, (Hq—&—H—l—LO> : (11)

q
Then it holds that with probability at least 1 — 20,

1 T g 2 2Hp H2 T
72 IVi@)I so{é (WO“HT : +§9) log (5)} (12)
s=1 0

Note that in the above theorem, the order of log T in H and the final convergence bound is better than
the one in Theorem [3.1]under the same noise assumption. This better dependency comes from the
expense of using problem parameters to tune step-size C. Since H is logarlthm orderof T, H,H, L
are both polynomial logarithm order of 7" and the final convergence rate in (I2)) is also polynomlal
logarithm order of 7. Note that Cy < O(1/poly(log T')) from (T0) when T >> d. Hence, when T is
large enough, a possible optimal setting is that n = ¢/ (ﬁpoly(log T)) for some constant ¢; > 0,
which roughly matches the typical setting as mentioned before.

5 Related works

There is a large amount of works on stochastic approximations (or online learning algorithms) and
adaptive variants, e.g., [15, 135147, 28} 12| 14} 16} 26 |54] and the references therein. In this section, we
will discuss the most related works and make a comparison with our main results.

3The specific definition of H can be found in (82) from Appendix.



5.1 Convergence with affine variance noise and its variants

We mainly list previous literature considering (2) over non-convex smooth scenario. [3]] provided an
asymptotic convergence result for SGD with (2)). In terms of non-asymptotic results, [4] proved the
convergence of SGD, illustrating that the analysis was non-essentially different from the bounded
noise case from [17]].

In the adaptive methods field, [14] studied convergence of AdaGrad-Norm with (2)), pointing out that
the analysis is more challenging than the bounded noise and bounded gradient case in [43]. They

provided a convergence rate of @(1 /N/T) without knowledge of problem parameters, and further
improved the bound adapting to the noise level: when oy ~ O(1/V/T),

fZEHVf z,)|? <O (\f }) (13)

(T3) matches exactly with SGD’s case [4], showing a fast rate of O(1/T) when oy is sufficiently
low. Later, [40] proposed a deep analysis framework obtaining with a tighter dependency to T'
and not requiring any restriction over 0. They further obtained the same rate for AdaGrad under a
stronger coordinate-wise version of (2): for all i € [d],

E.lg(@,2); — Vf(x)i|* < of + of|V ()| (14)

[2] obtained a probabilistic convergence rate for AdaGrad-Norm with (3) using a novel induction
argument to estimate the function value gap without any requirement over o as well.

In the analysis of Adam, a line of works [34}152] 41]] considered Adam without corrective terms for
finite-sum objective functions under different regimes while possibly incorporating natural random
shuffling technique. They could ensure that this variant converged to a bounded region where

log T
~ T
under the affine growth condition which is equivalent to (Z). Though not explicitly concluded,
when setting 3 = 1 — O(1/T), [52]]’s work can also ensure a convergence rate of order O(1/v/T)
under certain settings. Besides, both [20] and [18]] provided convergence bounds allowing for large
heavy-ball momentum parameter that aligns more closely with practical settings. However, they
relied on the assumption for step-sizes where C; < ||ﬁ“w < Cy,Vt € [T]. [39] and [19]
used distinct methods to derive convergence bounds in expectation and high probability respectively,
without relying on bounded gradients. Both studies achieved a convergence rate of the form in (I3)
for Adam ignoring the corrective terms. [19] further achieved a O(1/+/T) rate for Adam. However,
the two works only studied coordinate-wise affine variance noise.

trg[i;l]lE[min{llvf(wt)llvllvf( z) |} < +Cioo as)

In this paper, we derive a stronger high probability convergence rate for Adam with original corrective
terms, relying on an almost surely noise assumption. The noise model is general enough to cover
bounded noise, sub-Gaussian noise, and (coordinate-wise) affine variance noise. Although we
consider a stronger almost surely assumption, our probabilistic convergence result is also stronger
than the expected convergence.

5.2 Convergence with generalized smoothness

The generalized smooth condition was first proposed for twice differentiable functions by [51]] (see
(@) to explain the acceleration mechanism of gradient-clipping. This assumption was extensively
confirmed in experiments of large-scale language models [51]]. Later, [49] further relaxed it to a more
general form in (8)) allowing for first-order differentiable functions. Subsequently, a series of works
[30,153} 132]] studied different algorithms’ convergence under this condition.

In the field of adaptive methods, [[13] provided a convergence bound for AdaGrad-Norm assuming
and with ¢ = 1, albeit requiring 07 < 1. Based on the same conditions, [40] improved the
convergence rate to the form in (I3)) without restriction on o7. [41] explored how Adam without
corrective terms behaves under generalized smoothness with ¢ = 1 and (2). However, they could only
assert convergence to a bounded region as shown in (I3)). [8] showed that an Adam-type algorithm
converges to a stationary point under a stronger coordinate-wise generalized smooth condition.



Recently, [24] provided a novel framework to derive high probability convergence bound for Adam
under the generalized smooth and sub-Gaussian noise case.

In this paper, we consider a more general noise setup and investigate Adam’s convergence under the
generalized smooth landscape. We prove that Adam is powerful enough to find a stationary point
with properly tuned step-sizes even under these relaxed assumptions. Moreover, the convergence rate
is not harmed by the relaxation of noise and smoothness, matching the optimal O(1/+/T) rate up to
logarithm factors.

5.3 Convergence of Adam

Adam was first proposed by [22] with empirical studies and theoretical results on online convex
learning. The original proof of convergence in [22] was later shown by [31]] to contain gaps. [31] and
the subsequent work [42] also showed that for a range of momentum parameters chosen independently
with the problem instance, Adam does not necessarily converge even for convex objectives. Many
works have focused on its convergence behavior in non-convex smooth fields. A series of works
studied Adam ignoring corrective terms, all requiring a uniform bound for gradients’ norm. Among
these works, [48] demonstrated that Adam can converge within a specific region if step-sizes and
decay parameters are determined properly by the smooth parameter. [9]] proposed a convergence result
to a stationary point and required all stochastic gradients must keep the same sign. To circumvent this
requirement, [57]] introduced a convergence bound only requiring hyper-parameters to satisfy specific
conditions. [[10] conducted a simple proof and further improved the dependency on the heavy-ball
momentum parameter. Recently, [S5] introduced Nesterov-like acceleration into Adam and AdamW
[27] indicating their superiority in convergence over the non-accelerated versions. For Adam-related
works under (2)) or generalized smoothness, we refer readers to Sections[5.1]and [5.2]

We also want to highlight that a series of works [23], 44, |50] investigated the geometry of Adam from
an [,-norm perspective. [23] and [44] studied the geometry of Adam by regarding it as a variant of
SignSGD and [50] showed that full-batch Adam converges towards a linear classifier that achieves
the maximum [,,-margin when the training data are linearly separable.

6 Proof sketch under the smooth case

In this section, we provide a proof sketch of Theorem [3.1) with some insights and proof novelty. Our
proof borrows some ideas from [43} (10, 14} 239, [19]. The detailed proof can be found in Appendix
Bl

Preliminary To start with, we let the stochastic gradient g, = (gs,;);, the true gradient V f(z) =
s = (Gsi)i and & = (§5.4)i = gs — gs- We also let €, = €4/1 — 35 and thus €5 = €,14. For any
positive integer T and 6 € (0, 1), we define M = /log (eT/§). We denote the adaptive part of the
step-size as

bs = \/Usg +e€s = \/62,0571 + (1 - 62)93 + €5. (16)
We define two auxiliary sequences {ps}s>1 and {ys}s>1,
pL=04, y=x1, Ps=7 ﬁlﬁ (Ts — Ts5-1),Ys = Ps + T35, Vs > 2. (17)
— b

We follow from [16,46]] which was used to prove the convergence of SGD with momentum and later
applied to handle many variants of momentum-based algorithms. Recalling the iteration of x, in (@),
we reveal that y, satisfies

gs B Nsbs—1
Ysi1 = Ys — s - ( K

gs Mikt s — Ts1). 18
bs+1_ﬁ1 nsflbs d>®(x r 1) ( )

In addition, given T > 1, we define, Vs € [T,

Gs = max 1,1, Gr(s) = MT\/zag +202G8 +2G2,Gr = MT\/zag +202GP +2G2, (19)
JE[s

where G is as in Theorem Both G and G (s) will serve as upper bounds for gradients’ norm
before time s. We will verify their importance in the later argument.



Starting from the descent lemma We fix the horizon 7" and start from the standard descent lemma
of L-smoothness. Then, for any given ¢ € [T], combining with and summing over s € [¢],

t

f(ytJrl) < f(iL'l) + Z —s <vf(y8)a zj> + 1 fl Z <AS © (ws - w871)7 vf(y5)>

s=1 ﬂl s=1
A B
[ g 3 2
s 1
Ry s 3 T As s Ls— ’ 20
+2;77 A GUCICARL ) (20)
C

where we let A, = 2571 1,4 and use y; = @ from (I7). In what follows, we will estimate A, B,

and C respectively.

Probabilistic estimations To proceed with the analysis, we next introduce two probabilistic
estimations showing that the norm of the noises and a related summation of martingale difference
sequence could be well controlled with high probability. We show that with probability at least 1 — 24,
the following two inequalities hold simultaneously for all ¢ € [T):

[1€:]1> < M% (0F + 07]1ge[l?) , and 1)

t S t
—;775 <gsyai> 4g Z

where D is a constant defined in Lemma[B.7]and as will be introduced later. In what follows, we
always assume that (ZI)) and (22) hold for all ¢ € [T] and carry out our subsequent analysis with
some deterministic estimations.

S

+ DlgT7 (22)

Estimating A We first decompose A as

A= Z ns<957>+2ns<gs V1(ys), ‘Zj>.

s
Al A2

Due to the correlation of the stochastic gradient g, and the step-size 75 /bs, the estimating of A.1 is
challenging, as also noted in the analysis for other adaptive gradient methods, e.g., [43 110 (14} 2, 39|
19]]. To break this correlation, the so-called proxy step-size technique is introduced and variants of
proxy step-size have been introduced in the related literature. However, to our best knowledge, none
of these proxy step-sizes could be used in our analysis for Adam considering potential unbounded
gradients under the noise model in Assumption (A3). In this paper, we construct a proxy step-size
ns/as, with a; relying on Gr(s) in (19), defined as for any s € [T7,

ay =\ Baver + (1 - B2) (Gr(s)10)* + e, 23)

With the so-called proxy step-size technique over ns/as and & = g5 — gs, we decompose A.1 as

Zm Zna <gs,s>+2ns <gé,<s b1> gs>-

Al1 A2

In the above decomposition, the first term serves as a descent term. A.1.1 is now a summation of
a martingale difference sequence which could be estimated by (22)). A.1.2 is regarded as an error
term when introducing as. However, due to the delicate construction of a, the definition of local
gradients’ bound G (¢), and using some basic inequalities, we show that

ngT W1 =15
Al2< = Z -5,

gs

s=1



The first RHS term can be eliminated with the descent term while the summation of the last term can
be bounded by

>

s=1

gs

i d
B Sas(y) e

due to the step-size’s adaptivity, the iterative relatlonshlp of the algorithm, the smoothness of the
objective function, as well as (21). Here, m; = %
1

ms
5+1

Estimating B and C The key to estimate B is to decompose B as

Sil
1—p

B.1 B.2

t

1*B1;<AS®(QZ — Ls— 1) >+

t

Z (As O (s —®s-1), VI(Ys) — gs) -

s=1

B =

To estimate B.1, we use the updated rule and further write A; ©® (s — s_1) as
s s Ns MNs ms—1
(bs as) @ ms_1 + (as b31> @ ms—1 + (T/s 773—1) b5,1 9

and upper bound the three related inner products. Using some basic inequalities, the smoothness,
(24)), and some delicate computations, one can estimate the three related inner products, B.2 and C,
and thus get that

2

E
Vas

where by and b, are positive constants determined by /31, 82, d, L, .

1< T
Bro<iyn, + (0Gr() + b 1o ().
s=1 2

Bounding gradients through induction The last challenge comes from the potential unbounded
gradients’ norm. Plugging the above estimations into (20), we obtain that

f(yes1) < flzr) + <g4Tg(;) _ ;) Zns \/g;;
s=1 s

where c1, 2, c3 are constants determined by (1, 82, d, L, n. Then, we will first show that G; < G
and suppose that for some ¢t € [T,

G, <G, Vselt] thus Gr(s) <Gr, Vselt]. (26)

It’s then clear to reveal from (23] and the induction assumption that f(y:+1) is restricted by the
first-order of G. Moreover, f(y;11) — f* could be served as the upper bound of ||g;1]|? since

1Ge11? < IVf@es D) + |Ges1 — Vi (W) 1P < 2L(F(es1) — f5) + |Gegr — Vf(yt+1)(H2277)

2

+ a1Gr + (e2Gr(t) + c3) log <ﬂ ) , (25)
2

where we use a standard result ||V f (z )H2 <2L(f
1

(x) — f*) in smooth-based optimization. We also
use the smoothness to control ||g;11 — V. f (y11)||?

and combine with 26)) and (27) to derive that
Ige+1]1% < dy + do (1 GP* + @),
where cil, do are constants that are also determined by hyper-parameters and restricted by O(log T —

T'log f33) with respect to T'. Then, using Young’s inequality,

_ G? ~ 4 — b =
Ges1]? < > +di + Tp - pTE (dz) <d2)

Thus, combining with a proper construction G? (detailed in @)) we could prove that

. 4—
G =2d + =Lyt (dz) " 2(d)
which leads to ||g¢11]|> < G%. Combining with the induction argument, we deduce that ||g;||* <
G* vVt e [T +1].



Final estimation Following the induction step for upper bounding the gradients’ norm, we also
prove the following result in high probability:

T T
Ui _
LY —=—|lg.* <L> n.
s=1 s=1

llas|leo

2
< G2

gs
Vas

We could rely on G to prove that ||as|lec < Gr+/1 — 5 + €5, Vs € [T, and then combine with 7;
in Algorithmto further deduce the desired guarantee for Zstl lgs|?/T.

7 Conclusion

In this paper, we investigate the convergence of the Adam optimization algorithm on non-convex
smooth problems under certain relaxed conditions. We begin by considering a mild noise assumption
that encompasses several noise types, particularly the almost surely affine variance noise. Under this
noise condition, we demonstrate that Adam can find a stationary point at a rate of O(poly(log T') /v/T)
with high probability. Within our framework, we introduce a novel proxy step-size to manage the
entanglement of stochastic gradients and adaptive step-sizes, and we employ a new decomposition
method to estimate the errors introduced by the proxy step-size, the momentum, and the corrective
terms in Adam.

We also extend our analysis to the convergence of Adam when the objective function is generalized
smooth. This relaxed assumption is empirically validated to be more realistic in practical applications.
Our results indicate that, with appropriate hyper-parameter tuning, Adam can find a stationary point
at the same order of convergence rate as in the smooth case.

Limitations Our study has several limitations that warrant further exploration. First, it would be
advantageous to provide experimental results to validate the hyper-parameter settings in our results.
Second, the convergence bound is not strictly tight compared to the lower bound, leaving a gap
involving logarithmic factors, which may be improved in future work.
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The appendix is organized as follows. The next section presents some necessary technical lemmas,
some of which have appeared in the previous literature. In Appendix [B]and Appendix [C] the detailed
proofs for Theorem [3.1] and Theorem [.1] are presented respectively. Finally, Appendix [D] and
Appendix [E|provide all the omitted proofs in previous sections.

A Complementary lemmas

We first provide some necessary technical lemmas as follows.

Lemma A.1. Suppose that {cs}s>1 is a non-negative sequence. Given B2 € (0,1] and e > 0, we
define 0s = > %_, B ;. Then, foranyt > 1,

. 0
Z : §10g<1+;>—tlog,6’2.

Proof. See the proof of Lemma 5.2 in [10]. O

Lemma A.2. Suppose that {as}s>1 is a real number sequence Given) < 1 < o <lande >0,
we define (s = ZJ 1B g, s = 1—1ﬂf ZJ 181 7oy and 05 = ZJ 1 B5” J 2 , then

i G < 1 (lo (1+9t)t10 ﬂ) Vi >1
Ziet, - (1B BBy BT e B2 ) M=

t

% L <lo <1+0t>—tloﬁ> Vi > 1
et 0, - (- BPA-B/B) \ o\ = BR) e

Proof. The proof for the first inequality can be found in the proof of Lemma A.2 [10]. For the second
result, let M = 377, 57 7. Then using Jensen’s inequality, we have

2

~ i S B 2 51 Sig2.
D Bag | = (MY Sa <MZ o *MZﬂ ’ (28)
j=1 = M
Hence, we further have
2 2
r}/s O[]
€+ 6 226 €+ 0 (1—51 1761 ZB

Recalling the definition of 8, we have € + 05 > ¢ + ﬁ;_j 0; > B‘;_j(e + 6;). Hence, combining
with 1 — B; < 1— 3,

€+08<(1_61)(1_6f)jz—:1(62) e+0; 1—ﬂ12z f+9j'

Summing up both sides over s € [t], and noting that 8; < S,

t 42 t s o2 1 to2
S J < J .
e+, 1512;;(52> €+9j_(1*51)2(1*ﬂ1/52);z€+9j
Finally applying Lemma[A.T] we obtain the desired result. O

Then, we introduce a standard concentration inequality for the martingale difference sequence that is
useful for achieving the high probability bounds, see [25] for a proof.
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Lemma A.3. Suppose {Zs} i) is a martingale difference sequence with respect to (1, -+ ,(r.

Assume that for each s € [T, o5 is a random variable only dependent by (1, - - ,(s—1 and satisfies
that

E I:exp(Zsz/ag) ‘ Cl"" 7(5—1] S €,

then for any X > 0, and for any § € (0, 1), it holds that
d 1 1\ 3 «
P Z,>—log| = =y 2| <.
(57> m(5) + 7)<

B Proof of Theorem 3.1

The detailed proof of Theorem [3.1] corresponds to the proof sketch in Section [6]

B.1 Preliminary

To start with, we introduce the following two notations,

o mg N Vs
ms = 1—5f’ ’Us:1_7§7 (29)
which include two corrective terms for m and v;. It is easy to see that 7, satisfies
1— 38
o P m (30)

Ns = s — s — .
1— By 1-8; ~ 1=0

We follow all the notations in Section [6] which we present here for the convenience of reading,

el _
Mp_l%(é) G = max g,

Gr(s) = MT\/208 +202GY +2G2, Gr = MT\/208 +202GP +2G2,
by = \/Bavs_1 + (1 — B2)g2 + €,
as = \/ﬂﬂ’s—l + (1= B2) (Gr(s)14)” + €.

The following lemmas provide some estimations for the algorithm-dependent terms, which play vital
roles in the proof of Theorem 3.1} The detailed proofs could be found in Appendix

Lemma B.1. Let 1, b, be given in Algorithm[I|and (16)), then

1
< Ymax ::max{l, —;62_1}7 Vs > 2.
2

nsbsfl
7]5—1bs

—1,

o0

The following lemma could be found similarly in [56, Lemma A.2].
Lemma B.2. Let mg, b, be given in Algorithm[I|and (16) with 0 < 81 < B2 < 1, respectively.

Then,
H?s <¢u—&m—m) Ve 1

(1=B2)(1 = B1/Ba)’ -
Consequently, if f is L-smooth and we set 1 = Cy+/1 — Bo for some constant Cyy > 0, then

d
gs <llg +LC$ —_—, VSZ:[
Ja.11 < ]| + LCos) [ ;=57

The following lemma is necessary for deriving in the proof sketch.
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Lemma B.3. Ler g5, m, be given in Algorithm [I] and ms, bs be defined in @29) and (16). If
0<pB1<Ba<land Fi(t)=1+ 6% 22:1 gzyi, then for any t > 1,

> ] s 5w (52)

g 5 < (1[321)(_1ﬁ161/52)i:10g( i(;))’
g ,Z:j 2<5(1612_16151/52 i >
S

> < (1/32><11ﬂ1/52>;1°g(

The following lemmas are based on the smooth condition.

Lemma B.4. Suppose that f is L-smooth and Assumption (Al) holds, then for any = € R,
IV f(@)* < 2L(f(z) — f*).

Lemma B.5. Let x, be given in Algorithm[I|and ys be defined in (UT). If f is L-smooth, n =
Cov1l—0B2and0 < By < By < 1, then

LCyVd
(1—B1)v/1-Bi/B2’

Vi@ )l < IVf(ys)ll + M, M :=

»
Vv
_

B.2 Start point and decomposition

Specifically, we fix the horizon 7" and start from the descent lemma of L-smoothness,

L
FWsr1) < f(ys) + (VF(Ys), Yst1 — ys) + EHys+1 - ySH27 Vs € [T]. (31)

For any given ¢ € [T, combining with (I8) and (31) and then summing over s € [t], we obtain the
same inequality in (20),

t

fyir1) < flzer) + Z —Ns <Vf(y8)’ ZS> + 1 flﬁl Z (As © (s —5-1), VI(Ys))
s=1 s s=1
A B
2

) (32)

by T 1B

C

9gs _ 61 (

As O) ($s - wsfl))

2
s=1

where we use A; in and y; = x;. We then further make a decomposition by introducing g, into
Aand B

:Z <gs,gs>+2ns <gs VI(ys), g> (33)

S s=1

Al A2

and

Z —212871) vf(ys) 5>.

B1 B2
(34)
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B.3 Probabilistic estimations

We will provide two probabilistic inequalities with the detailed proofs given in Appendix[D.2] The
first one establishes an upper bound for the noise norm, which we have already informally presented

in (21).
Lemma B.6. Given T > 1, suppose that for any s € [T, €5 = gs — gs satisfies Assumption (A3).
Then for any given § € (0, 1), it holds that with probability at least 1 — 0,

€117 < M7 (05 + oillgsllP), Vs e [T]. (35)

We next provide a probabilistic upper bound as shown in (22) for a summation of the inner product,
where we rely on the property of the martingale difference sequence and the proxy step-size a, in

3.
Lemma B.7. Given T > 1 and 6 € (0,1). If Assumptions (A2) and (A3) hold, then for any A > 0,
with probability at least 1 — 0,

d

t
— Zlns <g87 2Z> < 0 EA;QT\“/@ Z X]og (?) , Vte[T]. (36)

As a consequence, when setting A = (1 — $1)\/1 — B2/(3nGr), it holds that with probability at least
1-96,

S

+ DiGr, VtelT], (37

& '
_Zns <gsys>_ 4gT Z

=1

where D1 = (17/81)7’71\/% log (£).

B.4 Deterministic estimations

In this section, we shall assume that (33)) or/and (37) hold whenever the related estimation is needed.
Then we obtain the following key lemmas with the detailed proofs given in Appendix [D3]

Lemma B.8. Given T > 1. If (33) holds, then we have
max ||| < Gr(s), max|lg;ll < Gr(s), max||vjle < (Gr(s))*, Vs e [T].
JEls] JE[s] J€[s]

Lemma B.9. Given T > 1. If by = (bs,;); and as = (as;); follow the definitions in (16) and 23)
respectively, and (33) holds, then for all s € [T),i € [d],

L 1] _GrsV1i-pe
As i bs,i - as,ibs,i

Lemma B.10. Given T > 1. Under the conditions in Lemma@and Lemma@ if @ holds, then
the following inequality holds,

1

s g bs—l,i

(Gr(s) +¢) \/W

as,ibs—l,i

and

<

Fi(t) < F(T), VtelT)ield,
where M = M(1 — 31) and M follows the definition in Lemma@ F(T) is define by

20M2 ~\P N2
F(T) =1+ 25 [ogTJrafT (g1l +Ta1)" + 7 (g | + 72T ) } (38)

We move to estimate all the related terms in Appendix [B.2] First, the estimation for A.1 relies on
both the two probabilistic estimations in Appendix [B.3]

Lemma B.11. Given T' > 1, suppose that (33) and (37) hold. Then for all t € [T,

Gr(t) 3\~ || g | o]

Al< r(t) 3 . s D D t = 39
(49 4>s§_:1n va| TPt QQT()S; s v
where D is given as in Lemma B. 7andD2*n\1/1B?'
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We also obtain the following lemma to estimate the adaptive momentum part B.1.
Lemma B.12. Given T' > 1, if (33) holds, then for all t € [T,

1 gs ? : ms_1 2 ms_1 2
Bi< ;> n||[- 2| +(DuGr(t) + D)y (‘ ‘ : + DsGy,  (40)
4 o—1 Vas o—1 bs bsfl
where
2ny/1 — 2nvd
py=2W1"D o p, Dy v Y
(1—51) V(1= B1)3(1 = B2)(1 — B1/Bo)
Proposition B.13. Given T > 1. If f is L-smooth, then the following inequality holds,
at GTPSRTE
f(yt+1)<f(m1)—|—A1—|—B1—|—DGZ 7 gé ., Vte[T],
where Yax is as in Lemmal[B1| and
Lp?(144%2,,) 3Ln?
Dg = —W, D= ——. (42)
‘ 2(1 = B1)? T 2(1-p)?

Proof. Recalling the decomposition in Appendix [B.2] We first estimate A.2. Using the smoothness
of f and (T7), we have

_ Lp
IVF(ys) = gsll < Lllys = sl = 75 l|@s = @l (43)
Hence, applying Young’s inequality, (3) and (30),
_ gs _ gs
(8.~ V1. 2) < nlg. - Vo) - |2
Ln? ||gs |’ L7 Lp* g’
2 s S 1 2 S
s s — il S5 aglles —xs— ST || - 44
< 5pla = Vi@l + 55| 2] < e — w2 @
Recalling the updated rule in Algorithm[I]and applying (29) as well as (30),
2 . 2
2 2 ms_q 2 [|Ms—1
s — Ls— = — >~ . 45
R L e v @)
Therefore, applying (@4), (]1_3]) and 3y € [0, 1), and then summing over s € [t]
t . L772 t g 2
A2 < ol = 46
1—51 231 bs—1 (1—ﬁ1)2§::1 bs (#0)

Applying Cauchy-Schwarz inequality, Lemma[B.T] and combining with @3), @3), X,ax > 1, and
b1 €10,1)

B2 < oo s = 2o 1 19 £ () — g6
< (Lﬁl max Z 2y — a1 ||? < m‘“” (7)
Finally, applying the basic 1nequahty, LemmaB.T]and @,
c Linf g 2+(1Lﬁ%12i|m3||20||w5—x31||2
gs 2212‘ﬂax M, ? (48)
(1- 51 = B)? || bsa

Recalling the decomposition in @) and @), then plugging @6), @7) and @) into (32)), we obtain
the desired result. O
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B.5 Bounding gradients

Based on all the results in Appendix [B.3]and Appendix [B.4] we are now ready to provide a global
upper bound for gradients’ norm along the optimization trajectory.

Proposition B.14. Under the same conditions in Theorem Sor any given § € (0,1/2), it holds
that with probability at least 1 — 26,

lgell* < GF < G*, llgell® < (Gr(1))* < G7, Ve [T +1], (49)
and

2
, Vte|[T], (50)

¢ _

_ gs

g1l <G* =LY 7 —
; ’ a(g

where G is as in Theorem[3.1|and G+, G, Gr are given by (T9).

Proof. Applying Lemma [B.6 and Lemma[B.7] we know that (33)) or (37) hold with probability at
least 1 — ¢. With these two inequalities, we could deduce the desired inequalities (49) and (50).
Therefore, (@9) and hold with probability at least 1 — 25. We first plug (39) and (40) into the
result in Proposition% which leads to that for all ¢ € [T,

2 t
+ D1Gr + (D2Gr(t) + D7) Z

s=1

2

B
Vs

2 ’

9s

bs

2

1) < flaea) + (iTg(;) - ;) > s

t—1

2
>+D5Gt+DGZ

s=1

ms_q mg

bs—l

t
+ (D3Gr(t) + Dy) Z (‘ mbsﬂ (51)

s=1

S

Next, we will introduce the induction argument based on (51)). We first provide the specific definition
of G2 as follows which is a constant determined by the horizon T and other hyper-parameters but not
relying on tﬂ

G = 8L(f(@) )+ = g 5 =8 &

3LCy + 8(MTO'0 + 60) LCyd ]:(T)
i ( 3 ) = 5020 — 51/Ba) ( ) )

LA-p [ T2MrLoyCod <T+f(T)>rp
2 P B 82— Bi/Bs) 5pT
18MyLCod T+ F(T) ﬂ 2 AL2C3d
+32[62(1—B1)2(1—61/ﬁ2)10( 55% A-Ara-6/8) 2

The induction then begins by noting that G = ||g1[|> < 2L(f (1) — f*) < G? from Lemma|B.4]
and (52)). Then we assume that for some ¢ € [T,

Gs <G, Vselt] consequently Gr(s) <Gp, Vsé€ [t]. (53)

Using this induction assumption over (31)) and subtracting with f* on both sides,

Q

Fep) = 7 < fla) - iz

¢
—|— D1Gr + (D2Gr + Dr) Z
s=1

- (54)

2
' me_1
b5,1

+ (D3Gr + Dy) (‘
s=1

‘mg 1

2 t—
>+D5G+D6Z

Further, we combine with Lemma|[B.3]and Lemma|[B.10]to estimate the four summations defined in
Lemma L and then use G < G < 2Mp (Uo +0,GP/2 4+ G) to control the RHS of (54),

2

9= | 4 Dy + Dy + DH(Q), (55)

as

fYer1) = f7 < iz

*We further deduce (7) in Theorembased on (32).
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where H(G) = 01GP/? + G and D1, Dy, Dy are defined as
Dy = f(z1) — f* +2Mroo Dy,

= 2MrooDs + D7 4 (MTO'()D3 + D4) (1 — ﬂ1) Dg .F(T)
Dy = + + dlog ( 72
1— 02 B2(1 = B2)(1 — B1/B2) (1= B2)(1 = p1/B2) 15
- Dyd 2Ds(1 = p1)d ) (f(T))}
D3 =2Myp | D1 + + lo + Ds.
’ T[ ' (1—52 Bl =B (1= Bi/3)) "°\ 5T ’
Applying Lemma[B.3]and Lemma [B:4]
1ge+101? < 2V f(yer)|? + 2M? <AL(f(yes1) — f*) + 2M>. (56)
Then combining (33) with (56),
t a. |I?
— 2 S - A A 2
lges1ll” < *LZ’IYS @ +4L(D1 + D2) +4LD3H(G) + 2M~.
s=1
Applying two Young’s inequalities where ab < % < 4 ﬁ and ab? < % SaTr + B.b% Va,b> 0,
GQ t ~
1ge4+1]1* < —+— fLZm +4L(D1+Dz)
4
+16L2D2 + —p piF <4L01D3) oM, (57)

Recalling the definitions of D;,4 € [7] in @ (39), @I), and (@2). With a simple calculation relying
onn = Coy/T— Ba,€ < €0, Zmax < 1/v/B2and 0 < 31 < B2 < 1, we could deduce that G? given
in (32) satisfies

4 4
G? = 8L(D; + Dy) + 32L2D% + ?p T (4L01D3) +4M2. (58)

Based on (57) and (58), we then deduce that [|g;+1]|?> < G?. Further combining with Gy in (T9)
and the induction assumption in (53),

Giy1 < max{||gea ], Gi} < G.

Hence, the induction is complete and we obtain the desired result in @) Furthermore, as a
consequence of (37), we also prove that (30) holds. O

B.6 Proof of the main result

Now we are ready to prove the main convergence result.

Proof of Theorem@ Wesett =T in @) to obtain that with probability at least 1 — 24,

Z @l LZ”S

Then, in what follows, we will assume that both (@[) and (39) hold. Based on these two inequalities,
we could derive the final convergence bound. Since (49) and (59) hold with probability at least 1 — 24,
the final convergence bound also holds with probability at least 1 — 24. Applying a in (23) and @9),
we have

S

s G? = |lgrs|® < G2 (59)

oo

Il = max /Bave1 + (1= 82)(Gr())* + €4

€ld]

<max [(1-6) Zﬁs T2+ (Gr(9)?] + e

i€[d]

< 0= BB e =G T By +er, Vs elT]. (60)
=1
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Then combining with the setting 75 and €, in (6)), we have for any s € [T,
Ns o Coy/(1=55)(1 = B2) R S VA
laslle = Gry/T =85+ e/ A —B5)1—B2) 1—87  Gr+eVi—75e

We therefore combine with (59) to obtain that with probability at least 1 — 24,

T

1 B G? 202 + 202GP 4 2G2 eT

TZHQSHQ < TLC <\/ t \/1_1752 +eo> log< 5 ) 61)
s=1

Since B2 € (0,1), we have
1 1-— 52 C
—lo =log| ) < =—
Bl =log <ﬁ2> ~ B 182

where we apply log(1/a) < (1 —a)/a,Va € (0,1). With both sides multiplying 7', we obtain that
log (l/ﬁgT) < ¢/B. Then, we further have that when 8 =1 — ¢/T,

T c
log () <logT + —. (62)
By B2
Since 0 < 31 < B2 < 1, there exists some constants €1, 2 > 0 such that
1 1 1 1
(63)

— <=, — <=
BT e 1-P1/B2 T e

Therefore combining (62), (63) and (52), we could verify that G* ~ O (poly(log T')) with respect to

T'. Finally, using the convergence result in (61), we obtain the desired result. O

C Proof of Theorem 4.1

In this section, we shall follow all the notations defined in Section @ Further, we will add two
non-decreasing sequences {E@}Szl and {Egy)}szl as follows

L) = Lo+ LG9, LY =Lo+ Ly(Gs+G?+ Lo/Ly), Vs> 1. (64)

C.1 Preliminary

We first mention that Lemma [B.T] Lemma[B.2] and Lemma[B:3|in Appendix [B:T|remain unchanged
since they are independent of the smooth condition. Then the first essential challenge is that we need
to properly tune 7) to restrict the distance between 411 and @, Y541 and ys within 1/ L, for all
s > 1. The following two lemmas then ensure this point. The detailed proofs could be found in

Appendix [E]
Lemma C.1. Let x,y, be defined in Algorithm[I|and (T7). If 0 < 1 < B2 < 1, then for any s > 1,

4d
max{(|@s+1 — s, [ys — @5, [[Yss1 — ysll} < n\/ﬂg(l —B1)2(1 = B2) (1= B1/Ba)’ (65)

As a consequence, when

< 1 o 4d
T LyF’ ' Bo(1 = B1)2(1 = B2)(1 = B1/B2)’
then for any s > 1, all the three gaps in (63)) are smaller than 1/ L,,.

Lemma C.2. Letn < 1/(L,F) where F is as in Lemma If f is (Lo, Lq)-smooth, then for any
s> 1,

(66)

IVf(ys)ll < Lo/Lg + V(@) |7 + [V f(2s) ],
IVf(@s)ll < Lo/Lq + IV f(ys)I” + IV f(ys)ll-
As a consequence, for any s > 1,
IV f(ys) = V@) < LNy — @l [V (ysr1) = V)l < LD ysr —wsll, 67

f(ys-i-l) - f(ys) - <vf(ys)7ys+l - ys> < THyS-i-l - ysH (68)
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In the generalized smooth case, Lemma [B.4]does not hold. In contrast, we provide a generalized
smooth version of [49, Lemma A.5], which establishes a different relationship between the gradient’s
norm and the function value gap. Noting that when ¢ = 1, Lemma|[C.3|reduces to [49, Lemma A.5].

Lemma C.3. Suppose that f is (Lo, Ly)-smooth and Assumption (Al) holds. Then for any x € R¢,
V(@) < max {4L,(f(2) — ), WLo(f(@) ~ £, /ATo(F(@) — 1)}

C.2 Probabilistic estimations

The probabilistic inequalities in (33) and (36) remain unchanged since they do not rely on any
smooth-related conditions. However, we shall rely on a different setting of A in as follows.

Lemma C4. GivenT > 1 and § € (0,1). Under the same conditions of Lemma @ if we set
A= (1—51)V1—B2/(3nH) where H is as in (LT)), then with probability at least 1 — 9,

t t
_ & Gr(t)
> -n (g &)< & S

s=1

gs

Jas

2
+ DM, VtelT), (69)

where Dy is given in Lemma|B.7}

The bounds of the four summations in Lemma [B.3]also remain unchanged. However, the upper bound
for F;(t) should be revised by the following lemma. The detailed proof could be found in Appendix
[El

Lemma C.5. Given T' > 1. Under the conditions and notations of Lemma if fis (Lo, Lq)-
smooth, n = Cy/1 — Ba, (B3) and (66) hold, then the following inequalities hold,

]:z(t) < j(t)a vt e [T],’L € [d]a (70)
where J (t) is defined as

2ME [ 2 (11 P _ - \?
TW =1+ =5 |odt+odt (gl +18%) "+t (llgall +e02:) |, (1)

and Mt = C‘OEEE)Q / %

It’s worth noting that 7 (¢) is still random relying on the random variable ,C,Ew).

C.3 Deterministic estimations

Note that in Appendix [B.4|remains unchanged since it’s independent from any smooth-related
condition. In terms of A.1, the only difference is using 7 to replace G in (39) as we choose a different

Ain (36), leading to

Al1< (QZS) - i) Zt:ns

s=1

t

2
+ D1H + D2Gr(t) Z

s=1

2

gs

Ja.

We also establish the following proposition which is a generalized smooth version of Proposition

B.13
Proposition C.6. Given T > 1. If f is (Lo, Ly)-smooth and (66) holds, then

t—1 2 t
+ ZD7(5)
s=1

f(yey1) <f(x1) + A1 +B.1+ ZD6(5)
s=1
where Y.y is as in Lemmaand Dg(s), D7(s) are defined as,E]

9gs

S

(72)

2

s , Vtell], (73)

. g
bs bs

LY (14482, 308 ?
Do(s) = L\ ) ps) = oL T
2(1— f1)? 2(1— )2

>The notations are different from Dg and D7 defined in {@2).
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Proof. The proof follows some same parts in proving Proposition[B-T4] We start from the descent
lemma (68) in Lemma|[C.2]and sum over s € [t] to obtain that

t o a(y)

Ls
f(yes1) < f(21) +Z VI(Ys), Ys+1 = Ys) +Z Y51 — sl?

s=1 s=1
t (y) 2
Z 9gs Pr (nsbs—1
A B Ns 7 — -1 Es s — Ls— ’
f(wl) N TR bs 1- 61 (ns—lbs > © (:B v 1)
c

(74)

where A and B follow the same definitions in (32)). We also follow the decompositions in (33)) and
(34). We could also rely on the same analysis for the smooth case in (@6)) but the smooth parameter is

replaced by c&”). Hence, we obtain that

<Xt: L ‘m ST ol o A (75)
o s—1 1_51 s 1 s—1 2(1_ﬁ1)2 S
Similarly,
t a:) 2 ~ 2
ms—q
max , 76
SR Py e vl )

Noting that C’ differs from C with L replaced by Egy). Hence, relying on a similar analysis in (48],
we obtain that

(y), 2

C < iiﬁs N
T (1= )2

Combining (74) with (73), (76) and (77), and noting that £{") < £{) from (&4), we thereby obtain
the desired result. O

2
me_q

b3,1

t E(y) 2
+ max
2 (1—-p1)2

s=1

2
gs
bs

(77)

C.4 Bounding gradients
Based on the unchanged parts in Appendix [B3]and Appendix [B.4and the new estimations in (72)
and (73), we are now ready to provide the uniform gradients’ bound in the following proposition.

Proposition C.7. Under the same conditions in Theorem Sor any given § € (0,1/2), it holds
that with probability at least 1 — 29,

lgell < H, Gr(t)<H, £ <L <L, vtellT+1], (78)
and
1 t g 2
_ < s ]
Fyre) = f <=5 D s V| T vl (79)

s=1

where H,H, L are given in (TT) and H is given in (§2).

Proof. Based on the two inequalities (33)) and (69), we could deduce the final results in (78] and (79)
Since (33) and (69) hold with probability at least 1 — 24, we thereby deduce the desired result holding
with probability at least 1 — 24. To start with, we shall verify that (66) always holds. Recalling 7 in

(TO) and F' in Lemmal[C.1}

A Ba(1 = B1)*(1 — Ba2)(1 — B1/B2) 1
nk = Co 1—52F§\/ iL2d 'Fﬁfq-
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Hence, we make sure that the distance requirement in (8) always holds according to Lemma [C.1]
Second, plugging (72) and (@0) into the result in (73),

Gr(t) 1 t g 2 t g 2
Fyir1) <f(z1) + ( — > s = + D1H + DoGr(t) =

1) 2| 2 |o.

t 2 t m 2 m 2
+5 " Da(s) | L] + (DsGr(t) + D) Y (H ;—1 N ‘ bs_ll )
s=1 s=1 s S
t—1 2
s=1 s

We still rely on an induction argument to deduce the result. First, we provide the detail expressions of
H, H as follows which is determined by hyper-parameters 31, 82 and constants Fy, d, T, §, Mr,

H:= flx) = "+ 3EOMT log <T> + EoMrd log <J(T)>

- B 4 1-5 By
AEyMr+ed J(T) N 2Ed
52(1—51) (1—=51/B2) 65 VI =51)3(1 = B1/B2)
3E2d J(T) 5E2d J(T)
21— 517 1°g< 5T )* 2 (1= B (1= B /Bo) 1°g< 5T ) e
H = Lo/L, + (4Lqﬁ)q + <4Lqﬁ) i (4L0ﬁ>% VAL + <4qu{) T AL A
(82)

where E > 0 is a constant and 7 (T") is a polynomial of T" given as

j(T) =

and M := Ey,/ ﬁ. The induction then begins by noting that from Lemma and H in (82),

Gr = llgull < 4Lo(f(@1) = ) + (ALg(f(@1) = /)77 + V/ALo(f(@r) — [*) < H.
Suppose that for some ¢ € [T,

2 ~ p - 2
7 [USTHET(gl +701)" + (llg:l| + 77 } )

G, <H, Vsell]. (84)

Consequently, recalling Gr(s) in (T9), £, £ in (64) and H, L in (TT),
gT(s) <H, L£O<cW <L Vselt (85)

We thus apply (83) to (80]
2t
f(ye1) <f(z1) Zm ;S > ||, + ;DﬂS)
m 2 12 t—1 ~2

+ (D3H+D4); (H o= ‘ b;l ) +D5H+;D6(s) b: . (86)

Further recalling the setting of Cj in (T0), with a simple calculation it holds that,
CoH < Ey, CoH < Ey, CoL<E, C2L<E2 Coe < Epeo. (87)

Therefore, combining with @) (87) and M, in (7T), we could use the deterministic polynomial
J (t) to further control 7 (¢

d . . .
M <G m B\ = J(t) <Jt) <I(T),

-
o (749) <t (42 < e (20, vzt
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Then, we could use 7 (T) to control the four summations in Lemma which emerge in (86). In
addition, we rely on 7 = Cipy/1 — P2 and the induction assumptions of (84) and (83) to further upper

bound the RHS of (86)), leading to
_ 2 ~ ~ -
ds 3007'[ (T) CoHd j(T)
+ log| = | + lo
vaill T1=p "\ ) 1= AT

400(7‘[ + 60) lo j(T) 2C’OI{d
T RA-ArA-A/B) S\ BT ) T O ara =55

3Ccd | (J(m) 5C2Ld J(T)
+ 21— 1) log ( BT > + 262(1 = 31)?(1 — B1/Ba) to ( B3 ) -9

Then combining with (§7) and the definition of H in @) we obtain that

t
o) = <f) = 1" = 1 o

S

Apyri=f(Yern) — fF < — Z s + H<H. (89)

Then, further using Lemma[C.2] Lemma[C.3|and H in @)
ge+1ll < Lo/Lq + IV f(ger-D)I* + [V (ges2) |
< Lo/Lg+ (ALgAr31)" + (ALgA 1) 77
+ (4LoA 1)} + 4L, A + (ALyA 1) ™7 + \/ALoA 1 < H.

We then deduce that Gy+1 = max{Gy, ||gi+1]|} < H. The induction is then complete and we obtain
the desired result in (78). Finally, as an intermediate result of the proof, we obtain that holds as
well.

O

C.5 Proof of the main result

Proof of Theorem The proof for the final convergence rate follows a similar idea and some same
estimations in the proof of Theorem[3.1] Setting ¢ = T in (79), it holds that with probability at least
1—26,

2 A~

<H. (90)

gs

pM»—‘

t 1
2

——1 Qs o ——1

Then in what follows, we would assume that (78) and always hold. Relying on the two

inequalities, we thereby deduce the final convergence result. Furthermore, since (78) and (90) hold

with probability at least 1 — 24, the final convergence result also holds with probability at least 1 — 26.

Using (78) and following the same analysis in (60),

laslloo < max | (1~ f2) ZBS TG+ (Gr()? | Fes < (HAeV/1-F5, Vs e[l

€ld]

Combining with the parameter setting in (T0),

ns o MI-B CovT =B
laslloc = (1= B)llasllec — H+ v =P
We then combine with (90) and A in (TT) to obtain that with probability at least 1 — 24,

2( 2H H? T
Tansnz (V ”ﬁ%* )1 ) 1og(‘;>

Finally, following the same deduction in (62) and (63), we could derive that  ~ O (log2 (%))
from (8T)) and the desired results in Theorem [4.1] O
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D Omitted proof in Appendix
D.1 Omitted proof in Appendix

Proof of Lemma|B.1} We fix arbitrary i € [d] and have the following two cases. When m T bl L,

we have

nsbsfl,i
ns—lbs,i

nsbsfl,i
ns—lbs,i

< 1.

_1‘ —1—
When Zsli#“ > 1, letr = 6571. Since 0 < 1 — ffl < 1—p§,Vs > 2, then we have

ns [ 1-55 21 51— Ba) r
775—1 1-— 521 1—51 S\/1+1—31\/1+(1ﬁ2).1—r'

Since h(r) = r/(1 — r) is increasing as r grows and r takes the maximum value when s = 2. Hence,
it holds that

%#Humfﬁz - iTh o1

Ns—1

Then, since €5,_1 < ¢, we further have

bg_ 7 €s—1 1 /Vs— K €s T /Us— K 1
s=li _ L i - < Vo1 <% (92)
bs.i €s+\/ﬁ2vs 1,0+ (1= Ba2)g €s +\/Bavs—1i

Combining with (9I) and (©92)), we have

-1

Nsbs—1,i B 1’ _ Nebs—1,i 1< 1+ B2
ns—lbs,i ns—lbs,i 62

Combining the two cases and noting that the bound holds for any i € [d], we then obtain the desired
result. O

Proof of Lemma[B2} Denoting M = Zj i 837177 and applying (28) with M and a; replaced by
M and g;,; respectively,

Zﬁg i | <MY BT g (93)

Hence, combining with the definition of b, ; in @]), we further have for any ¢ € [d] and s > 2,

(1 _ 51)2 (Zj }65 1— Jg] Z>2

Ms—1 Ms—1,5 _
bsfl,i /VUs—1,i (1—,82) ijl ; 1= Jg]21

1-5 Sy iﬁg . jg?z 1-5 e A

S\/1—52 M- Z] Sl]gflgx/l—ﬂz MZ()

18 18 1 (8B <¢<1—ﬁl)<1— )
V1= 1—51 1—p1/B2  — | (1=PB2)(1—p1/B2)’

where the last inequality applies 51 < [32. We thus prove the first result. To prove the second result,
from the smoothness of f,

||gs|| S ||gsflll + ||g8 - gsfln S ||gsfl‘| + Lst - wsle- (94)

Jj=1
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Combining with (30) and n = Cop+/1 — fBa,

. 1 B 1
. "\/(1 “E0-AB \ioaEm P

s—1

||:Es - ms—l”oo S Ns—1

Using ||@; — ;1] < Vd|j@; — ;1|0 and @),

d d
9sll < 11gs-1ll + LCo\ | =575 < llgull + LCos\ | =577
1921 < 1gs-1ll + LCoy [ 3575 < llgll + LCosy [ 3—5 -

Proof of Lemma[B.3] Recalling the updated rule and the definition of b; ; in (T6), using €2 = €(1 —
85) > €(1— pa),

B2, >0 + €2 > (1-B) Zﬂs T2 +e |, and mg;=(1-81)Y B Vg (96)

Proof for the first summation Using (96)), for any i € [d],

t 2 t 2
S,% 1 ER
Zii = 1 Z 2 - s—j 2
s=1 S _52 =1 € +Zj 1[3 g]7
Applying Lemma A.1|and recalling the definition of F;(t),
t 2
9s,i 1 t—s 2 1 (]:i(t)>
< lo s —tlo < lo .
;bij_lﬁz[g( ZB gsz> gﬁ21_162 s 5

Summing over ¢ € [d], we obtain the first desired result.

Proof for the second summation  Following from (96),

, 2
i ms; (11— )2 ¢ (Zj 1ﬁsﬁgji>
ZbQ-S 1— 2 ZE2+Z] 15872'

s=1 gjl

Lm2, (1 p)? 1 s
sz < 1— B .(1*61)(1*51/52) log | 1+ QZBt g?z — tlog B2

B 1- B L (FEW
= 0B BB g( B )

Summing over ¢ € [d], we obtain the second desired result.

Proof for the third summation Following from (96)),

42
Lom2, 4 [(1—51)2?:1 B’ gj, z:|
b2 . < Z _ _ é+1 s+1—3 92
s=1 s+1, s=1 1 (1 62)2 2 gj,i
s s—3j 2
Si (1= 5 (S0 gj,»)s |
A= B2) + (1= B2)B2 375 B g2,
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Applying Lemma[A2] and using 8 < 1,

. 2
st 0= g (S 0)
b2

s=1 ~s+1,i 1—52)52 ;ﬁ2+23 155 JQ?Z

(1-p1)? 1 Ba o )
S U-B)B (1B Bi/Bo) [k’g(” Zﬂ gm> tlgﬁz]

1-5 Fi(t)
= 51— Bl — Bi/Ba) log( B )

Summing over ¢ € [d], we obtain the third desired result.

Proof for the fourth summation Following the definition of 17, ; from @), and combining with

©e).

) 2
im,i 1761 i<1 R ] 1ﬂ ]gji)
B 1ok & eyy mig,

s=1 g] 7

Applying Lemmal[A.2]and using 32 < 1,

L2, (1-By)? 1 .
&:Zlbgl : 1= By (1—B1)2(1— f1/Ba) log | 1+ 2zﬁt s | —tlog P2

1 Fi (ﬂ)
< log ( .
(1= 52)(1 = p1/B2) B
Summing over i € [d], we obtain the fourth desired result. O

Proof of Lemma Letz =x — %V f(x). Then using the descent lemma of smoothness,

L 1
f@) < f(@) + (V@) & —2) + J & — 2| < f(=) - 7 V(@)
Re-arranging the order, and noting that f(&) > f*,

IVf()|* < 2L(f(x) — f(2)) < 2L(f(x) — 7).

Proof of Lemma|B.5] Applying the norm inequality and the smoothness of f,

IVF(@s) < IVl + IV (@s) = V() < IVl + Lllys — 2.

Combining with the definition of y, in (I7) and (93)), and using 3; € [0, 1), we obtain the desired
result that

Ly LCoVd
s = dLg— S v s .
Tyl — el S IVF@) I+ s

Vi@l < IV f(ys)ll +

D.2 Omitted proof in Appendix [B.3]

2
Proof of Lemma(B.6] Let us denote v, = O'2+HO'£+“||§HI”
0 1 s

first have E,_[exp (7s)] < exp(1). Taking full expectation,

E [exp(7s)] < exp(1).

Vs € [T]. Then from Assumption (A3), we
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By Markov’s inequality, for any A € R,
P (max v > A) (exp (max %> > exp(A)> <exp(—A)E {exp (max 'ys>]
s€[T] s€[T] s€[T]
Zexp s 1 < exp(—A)T exp(1),

which leads to that with probability at least 1 -0,

el _
leo1? <tog (55 ) (03 + o2lanlP) . s eI

< exp(—

O

Proof of Lemma[B.7] Recalling the definitions of a in (23)) and €, in Algorithm[T] we have for any
s € [T],i€ld],

1 1 1
<

Qs ; ()\/1* 2+€\/1752 (3)+€)\/1_62
1
< GRS NG

Then given any i € [d], we set

_ &
X = —MNs <93a == yWs = T)s
Qs

Noting that g,, as and 7, are random variables dependent by z1, - - - , z;_1 and &, is only dependent
on z,. We then verify that X is a martingale difference sequence since

E [XS | 21, azs—l] = Ezs |:—T]g <gS7 29>:| = s <gS7 Ez;[s‘;] > =0.

Noting that wy is a random variable only dependent by 21, - - - , 2,1 and applying Assumption (A3)
and Cauchy-Schwarz inequality, we have

X2 62
E |ex - 21, ,25_1| <El|lexp| =——5—— | | 21, "+, 25—
o () 12z <Blow (i) 122

<E., {exp (2H€|2)] <exp(l), Vsel[T]

2 P
o5 + 01l|gs|l
Applying Lemma[A3|and (97), we have that for any A > 0, with probability at least 1 — 4,

t t
3\ 1 1
X, <= 24 Zlog( =

97

gs

of +oilgslr, Vs e [T].

3V« gs || 1 1
o 2 2 26017 + = loe [ =
S5, ;:1775 (05 +01llgsll”) + X 0g<5)
) W A T 1 1
—_— s||P + <1 - . 98
Sni-5 ;:1:775 Jaz|| Voo +0o7lgs|P + log { 5 (98)

Note that for any ¢ € [T, (98) holds with probability at least 1 — §. Then for any fixed A > 0, we
could re-scale ¢ to obtain that with probability at least 1 — ¢, for all ¢ € [T,

t
1 T
2 2 2l A
ZXs < L o+ otlanlr + s1os (5 )

Using /03 + Uf llgsl|? < Gr(t),s < t from (19), together with (30), we have that with probability

S

atleast 1 — 6,
t
_ & 3>\77gT 1 T
- s sy ) < + -1 — |, VtelT].
;” <g a./ = 41— B F—ﬂzz Taee\s 7]
Finally setting A = (1 — 81)v/1 — B2/ (3nGr), we then have the desired result in (37). O
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D.3 Omitted proof of Appendix [B.4|

Proof of Lemma|B-8] First directly applying (33) and G in (19), for any j € [s],
€511 < M/ 0§ + oPllg;llP < My /of + 0fGF < My /of + 01GE < Gr(s)
Applying the basic inequality, (33) and My > 1, for any j € [s],
lg;l1* < 2llg;11* + 201&[1* < 2MF (o5 + o7 [1g;11” + [1g;11%) < (Gr(s))*.

Finally, we would use an induction argument to prove the last result. Given any i € [d], noting that
v1,i = (1= B2)g3; < (Gr(s))?. Suppose that for some s" € [s], v;; < (Gr(s))?,Vj € [s'],

Vgrg1,i = Paver i + (1 — 52)93/,1‘ < Ba(Gr(s))* + (1 = B2)(Gr(s))? < (Gr(s))>.

We then obtain that v; ; < (Gr(s))?,Vj € [s]. Noting that the above inequality holds for all i € [d],
we therefore obtain the desired result. O

Proof of Lemma|B.9} Recalling the definition of b ; in (I6) and letting a, ; = /05, + €5 in 23),

L_i:’\/vs,i_\/m‘_l_BQLQ.sz gT( ))|
s g bs,i as,ibs,i as,z ER \/QT,Z‘F \/'Us,i

c1-6 (QT( )? < Gr(s)v1—Ps
o as zbs i \/Usi+ \/627}5 1, 1 — ,82)( ( )) as,ibs,i ’
where we apply g2, < [lgs[|* < (Gr(s))? from Lemmain the first inequality since (33)) holds.

The second result also follows from the same analysis. We first combine with €, = €,/1 — 35 to
obtain that

|eses_1|§e<\/1ﬂ§ 1—- 5_1> <e "(1=B2) <eV/1—fo, 99)
where we apply v/a — Vb < va—1b,Y0 < b < a. Applying the definition of bs—1,; and as ;,
|\/ — 4/ Us— 11+ €s — €5— 1)|

1 1

bsfl,i Qs i bs 1,i0s,i
1 (1=52)|(Gr(5))* = vs—1] | les — €51
< = +
bs—1,i0s,i \/ Vst /Vs—1,i bs—1,ias,i

c 1! (1-P2)(Gr(s)* | e/T=DF2 _ (Gr(s) +e)V1 -5,
< ) + < .
bs—1,i0si 4 /Vsi + \/VUs—1,i bs—1,i0s, bs—1,i0s,

where the second inequality applies vs_1; < (Gr(s))? in Lemma and the last inequality comes
from /1 — B2Gr(s) < Us ;. O

Proof of Lemma[B-10} Applying the basic inequality and (33), for all ¢ € [T, € [d],

t t t t t
DG <D NgalP <2 (Igsl + 1€l17) < 2MF (o%t +o7 ) lgslP+ > llgsl2> :
s=1 s=1 s=1 s=1 s=1

(100)

Combining with Lemma[B.2] we have

) reods \'_, (o rewa Y
Z||gs| <Z<|g1||+m> <t <||91||+m>

2
LCYy Vat
lgsl* <t {1gull + ——==
sz=:1 V1—=P51/B2
Further applying the definition of F;(t) in Lemma|[B.3] it leads to F;(t) < F(t),Vi € [d]. Finally,
since F(t) is increasing with ¢, we obtain the desired result. O
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Proof of Lemma[B.I1] First, we have the following decomposition,

Zns Zns <gs,s>+2ns <gs, < bl> gs>. (101)

Al1l Al.2

Since (33) holds, we could apply Cauchy-Schwarz inequality, Lemma[B.9} and Gr(s) < Gr(t),Vs <
t from (I9) to obtain that for all ¢ € [T,

d ¢ d t
1 . sVI—PBs
Al2s Z Zm a: b 1s,i9s.i] < Z Z T 19s,19s.i]
i=1 s=1 $? St i—1 s=1 5,iYs,i
d i =52 d t 2 2
1 NsYs,i (gT(S)) Ns9s.,i
) ML
i=1 s=1 ’ 1=1 s=1 S,
@ Ly g [ nGrVI=Fe g~
It Va@s 1-p s=1
Finally, combining with (37) for estimating A.1.1, we deduce the desired result in (39). O

Proof of Lemma[B.12] Let us denote ¥ :=
(20). We have

B1 ‘< Ns—1Ms—1  _ >‘ b1 ‘<(775 7751> _ >’
¥ < . As O —,0; = ' 7 OMms_1,9s
1- 0 bs_1 g 1-5 by  bs_y 9

ﬂl Ns Ns _ ﬂl Ns Ns _
< : 7 — s ' - - s—1:9s
—1-p5 b, as, ©ms-1,9 1—-5 a; by, ©Mms-1,9

21 22

Bl ms—1 _
+ 1- 5, "(7751_775)<bs_17§s>‘- (102)

lf}h (As © (s — x5-1),gs) Where A is defined in

33

Since holds, we could apply Lemma and Young’s inequality and then use (©7), (30),
B1€[0,1)and Gr(s) < Gr(t) < Gr(t) +¢,Vs <,

B Gr(s)nsv/1— B2

M=

b : ©19s,iMs—1,i
! ] 1—p b i [9s.ims—1.]
d ~ d
<y Ns 92 n 2053 (1 — Bo) 3 (Gr(s))* . My
T8 as (1-751)2 = s bii
Ns || Gs 2(G7(t) + e)nv1 — Ba ||ms (103)
- 8 \/as (1 _ﬂ1)3 bs
Using the similar analysis for ¥;, we also have
$B1 VI— _
Z m61 V1P (Gr(s) +€) + [gs,i - mrs—1,4]
1- ﬂl Qs z s—1,i
< Ns gs (gT(t)+6)77V1_52 ms_1 ?
<= 3 (104)
8 ||va (1-751) b1
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Then we move to bound the summation of X3 over s € {2,--- ,t} since mg = 0. Recalling 75 in
(30), we have the following decomposition,

7751 1_ﬁ§ 1 1 _ Mg
me DA - ) (5 )

T 1=h
S i =3 T

X302

Noting that ||gs|| < Gs < G, Vs < t. Then further applying Cauchy-Schwarz inequality and Lemma

N <g = >’ V1= B3l Hms - 1—32)(1—B1/B2)

Hence, summing Y31 up over s € [t], applying 51 € (0,1) and noting that 35 ; vanishes when
s=1,

IGW B - B
VT

: fG 1- ! 1
2 a1 < e \/(1@)161/31//32 Z( - f1_15f>
VdnG,
B \/1—51 (1—B2) (1= B1/B2)
Similarly, using ||gs|| < Gs < Gy, Vs < tand 1 — ffl >1-— /0,

_ Mg MmMs_q 1
(o 5= = rrlonl | =t <mat¢(1_ﬁ2)(l_m/ﬁ2).

Hence, summing 35 2 up over s € [t] and still applying 3; € [0, 1),

- VdnG, 1 ;
2 Paa s m'\/u—ﬂz)a—m/ﬁzs > (vimE -y

< VnG, < VnG, .
T (=B =B)(1=B1/B2) T V(=B = B2)(1 = B1/B2)
Combining with (T03), (T06) and (T07), we obtain an upper bound for 3"._, 3. Summing (T02),

(T03) and (T04) up over s € [t], and combining with the estimation for >°_, 3, we obtain the
desired inequality in (@0). O

(106)

1
-5t

(107)

E Omitted proof in Appendix [C]

Proof of Lemma Recalling in (93)), we have already shown that

d
[Zs41 — s < \/;1”;1;5_’_1 — Tl < 77\/(1 "B — 61/52)7 Vs > 1. (108)

Applying the definition of y, in (T7), an intermediate result in (I08)) and 3; € [0, I)EI

B n d
lys = sl = =5 s ws—lﬂﬁ1_ﬂ1\/<1—ﬂ2><1—m/ﬁ2>’

Vs > 1. (109)

%The inequality still holds for s = 1 since &1 = y1.
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Recalling the iteration of y in (I8)) and then using Young’s inequality
Is ? + 2612 nsbsfl
bs (1 - 51)2 ns—lbs
(%) (%)
Noting that g, ;/bs; < 1//1 — B2 from (I6), we then combine with (30) to have
d 2n2d
< )
1=52 = (1=p51)*(1 = B2)
Applying Lemma B.1|where X2, < 1/8, and (T08),
20*BY SR - 2n*d
(1= B1)2(A0 = B2)(1 = B1/B2) = B2(1 = B1)%(1 = B2)(1 — B1/B2)

Summing up two estimations and using 0 < 51 < 2 < 1, we finally have

s

lyss1 — ys|? < 202

—1H ||£BS—IL'S,1||2.
[eS)

(%) < 202 -

() <

[ —ysll < -
Yst1 = Usll =7 Ba(l = Br1)*(1 = B2)(1 = B1/B2)

Combining with (T08), (I09) and (T10), and using 0 < 1 < B2 < 1, we then deduce a uniform
bound for all the three gaps. O

(110)

Pl’OOfO? Lemma @ Under the same conditions in Lemma@ we have
H H < ! || || < !
s — Lg -, ; — Ys -
Y Lq Ys+1 Ys Lq

Then, using the generalized smoothness in @)

IVF )l < IVF@)I+ IV F(ys) = V(@)
SV f (@)l + (Lo + LallV f () [ lys — 2|
< IVF@)I + IV f ()" + Lo/ Ly-

We could use a similar argument to deduce the bound for ||V f(x,)||. Further, combining with £
and £ in (64), we could bound the generalized smooth parameters as

Lo + LllVf (@) < Lo + LG = L7,

Lo + LllV S (ys)l|* < Lo+ Lo(IV f (@s) | + IV f (@) [ + Lo/ Lg)* = LY. (111)
We could then deduce the first two inequalities in (67). Finally, (68) could be deduced by using the
same argument in the proof of [49, Lemma A.3]. O

Proof of Lemma[C.3] Given any « € RY, we let

1
Lo+ Lymax{||V f(z)]| |V f ()]}

T

z=x—7Vf(x).

From the definition of 7, we could easily verify that | — x| = 7||Vf(x)|| < 1/L,. Since f is
(Lo, Lq)-smooth, we could thereby use the descent lemma in [49, Lemma A.3] such that

Lo+ Lg|[Vf ()|
2

= ft@) v (@))? + L ETRIT 0 a2 < pla) - T a2

Since f(&) > f*, when |V f(x)|| = 0, the desired result is trivial. Let us suppose ||V f(x)|| > 0.

|2 —|”

f@) < f(x) +(Vf(z), T —x)+
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Case 1 |Vf(z)||? > |V f(z)|

IV f()]*~1
2Lo/|[V f(®)]|7 + 2L,

When ||V f(x)||? < Lo/Ly, it leads to

IV @I _ V(@) 19 f(@)| 2 f
AL, AL/ IVS@I = 2Lo/ Vi@ + 2L, =T T

When ||V f(x)||? > Lo/L,, it leads to

IVf@)* V@)
ALy 7 2Lo/|IVf(®)||7 + 2L,

SIVF@)? = < f(@) - f(@) < f(@) - f"

< flx)—f"
We then deduce that

||Vf )H < max {[4Lq(f(£l?) _ f*)] 2iq

ALo(f@)~ )} (112)
Case2 ||V f(z)|? < ||[Vf(z)| We could rely on the similar analysis to obtain thaf’]

IV (@)l < max {4L,(f(@) = ), VALo(F(@) = [ } (113)
Combining (T12)) and (T13), we then deduce the desired result. O

Proof of Lemma[C.3] Recalling (93), we then obtained that when 1 = Cyv/T — fa,

- | 4
Ty — o 1| < Vd||Ts — s 1|l < Cop| ——. 114
| x5 1| [ 1] N T 575 (114)

Noting that when (66) holds, we have
1951l < 11gs—1ll + 1gs — Gs—1ll < Igs—1ll + (Lo + Lqllgs—1[|)|zs — 251

d . d S
g1l + CoLl™y | - <lgill + Coy | —me 3 LY
||g IH 0 1—51/,827Hg1H 0 1_61//82 = J

Using ng) < Egl),Vj < t, we have

p p
~ d
SP< +C,/ s— L) <t llgi] +tColl® [ —S ) .
Slmllarly, we also have
t d 2
gs|12 <t llgu| +tCoL'® [ —=— ) .
>l < (ngln L5

Further combining with F;(t) in Lemma[B.3|and 7 (t) in (71),

Fil) <14 5 Y lgulP <70, veeT)ied,

s=1

"We refer readers to see [51) Lemma A.5] for a detailed proof under this case.
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NeurlIPS Paper Checklist

The checklist is designed to encourage best practices for responsible machine learning research,
addressing issues of reproducibility, transparency, research ethics, and societal impact. Do not remove
the checklist: The papers not including the checklist will be desk rejected. The checklist should
follow the references and follow the (optional) supplemental material. The checklist does NOT count
towards the page limit.

Please read the checklist guidelines carefully for information on how to answer these questions. For
each question in the checklist:

¢ You should answer [Yes] , ,or [NA].

* [NA] means either that the question is Not Applicable for that particular paper or the
relevant information is Not Available.

* Please provide a short (1-2 sentence) justification right after your answer (even for NA).

The checklist answers are an integral part of your paper submission. They are visible to the
reviewers, area chairs, senior area chairs, and ethics reviewers. You will be asked to also include it
(after eventual revisions) with the final version of your paper, and its final version will be published
with the paper.

The reviewers of your paper will be asked to use the checklist as one of the factors in their evaluation.
While "[Yes] " is generally preferable to " ", itis perfectly acceptable to answer " " provided a
proper justification is given (e.g., "error bars are not reported because it would be too computationally
expensive" or "we were unable to find the license for the dataset we used"). In general, answering
" "or "[NA] " is not grounds for rejection. While the questions are phrased in a binary way, we
acknowledge that the true answer is often more nuanced, so please just use your best judgment and
write a justification to elaborate. All supporting evidence can appear either in the main paper or the
supplemental material, provided in appendix. If you answer [Yes] to a question, in the justification
please point to the section(s) where related material for the question can be found.

IMPORTANT, please:

* Delete this instruction block, but keep the section heading “NeurIPS paper checklist',
* Keep the checklist subsection headings, questions/answers and guidelines below.
* Do not modify the questions and only use the provided macros for your answers.

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]
Justification: [NA|
Guidelines:

e The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: [NA|
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Guidelines:
* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.
* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

 If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
Justification: [NA|
Guidelines:

» The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental Result Reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [NA]
Justification: [NA]
Guidelines:

* The answer NA means that the paper does not include experiments.
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* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [NA]
Justification: [NA]
Guidelines:

» The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).
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* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental Setting/Details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [NA]
Justification: [NA|
Guidelines:

» The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [NA]
Justification: [NA]
Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

o If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments Compute Resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [NA]
Justification: [NA|
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.
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0.

10.

11.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

Code Of Ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [NA]
Justification: [NA]
Guidelines:

e The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.
* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader Impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: [NA |
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: [NA]
Guidelines:

* The answer NA means that the paper poses no such risks.
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12.

13.

14.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

* Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: [NA|
Guidelines:

» The answer NA means that the paper does not use existing assets.
 The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

¢ For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

« If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New Assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: [NA]
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

Crowdsourcing and Research with Human Subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: [NA|
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Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional Review Board (IRB) Approvals or Equivalent for Research with Human
Subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: [NA]
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
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